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Flexural behavior of titanium bar reinforced granite
with various reinforcement ratio
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Abstract. Granite is commonly used in the construction of the ancient stone pagodas of Korea. The material has excellent
weathering resistance and durability, as well as high compressive strength. Most of the stone-made state-designated architectural
heritage of Korea is made of granite. Therefore, the understanding of the structural feasibility of stone-made architectural
heritage is crucial. Even though, until now, experimental studies for the reinforced stone have been rarely performed. This study
intends to suggest a new methodology for the reinforcement of granite using a threaded titanium bar. Through the experimental
study, the flexural behavior of the reinforced granite depending on the reinforcement ratio is investigated. Based on the test
results, a moment-—displacement relationship for the design of reinforced granite is suggested.
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1. Introduction

Granite is one of the stones widely used in the
construction of the ancient stone pagoda of Korea. The
material has excellent weathering resistance, abundant
reserves, durability, and high compressive strength.
According to the investigation, approximately 50% of the
stone-made state-designated architectural heritage of Korea
is made of granite (National Research Institute of Cultural
Heritage 2014).

Among the stone pagodas made of granite, the most
famous stone pagoda is the Mireuksaji stone pagoda, which
is located at the Mireuksa temple site in Iksan, Jeonbuk
province [Fig. 1(a)]. This pagoda is the oldest and largest
stone pagoda (14.5 m height and 12.5 m width) in Korea.
Historical documents said that the pagoda was built at the
end of the Korean kingdom of Baekje in 639. As shown in
Figs. 1(b) and (c), the pagoda was originally a 9-floor
structure, but the whole of the west side, most of the
southern side, and half of the northern side collapsed;
currently, only six floors remain. The collapsed part has
been covered with concrete, as depicted in Fig. 1(c).

According to the structural safety diagnosis for the stone
pagoda performed in 1998, the durability of the concrete
was remarkably reduced, so the stone pagoda was found to
be structurally unstable (Korea Institute of Construction
Safety Technology 1998). Based on the assessment of
structural performance, eventually, the Cultural Properties
Committee decided to re-assemblage the stone pagoda after
the dismantlement of all the elements in 1999.

Restoration of the stone pagoda was carried out
according to the following procedure. First, the concrete

*xCorresponding author, Ph.D., Assistant Professor
E-mail: wylim97@wku.ac.kr

Copyright © 2020 Techno-Press, Ltd.
http://www.techno-press.com/journals/sem&subpage=7

was removed, and the stone pagoda dismantled into all of
its components [Figs. 1(d) and (e)]. The damaged members
were then repaired and reinforced with new granite. To
reinforce the damaged granite, several preconditions are
required. Granite used for restoration should have the same
material properties as the existing granite. According to
previous research, granite mined in the Hwangdeong area
located near Mireuksan at Iksan in Jeounbuk Province was
found to be mostly identical to the granite used in the stone
pagoda (Yang et al. 2006, Kim et al. 2011) [Fig. 1(a)].
Additionally, the repaired granite should have resistance for
the self-weight and gravity load to prevent the collapse of
the stone pagoda due to excessive load. Finally, sufficient
bond strength at the interface between old and new granite
is needed.

To reinforce the granite, this study uses the threaded
titanium bar as the reinforcement. Metal rods have been
used in the reinforcement of stone-made cultural heritage
for a long time. Initially, carbon steel was mainly used for
stone reinforcement, but recently it is being replaced by
new metals such as titanium to prevent corrosion of the
metal reinforcement. It is known that titanium has a lower
modulus of elasticity than stainless or carbon steel, but has
small specific gravity, small thermal conductivity, small
thermal expansion coefficient, and excellent corrosion
resistance. Recently, T-shaped titanium clamps have been
used to reinforce marble in the Greek Parthenon restoration
project (Zambas et al. 1986, Zambas 1992). Recently, the
research on the seismic behavior, collapse mechanism, and
nonlinear analysis of historic structures have been
conducted (Kocatiirk et al. 2016, Demir et al. 2016,
Nohutcu et al. 2017, Hamdy et al. 2018) but experimental
studies for the reinforced granite for restoration of the
ancient stone pagoda have been rarely performed.

This study intends to suggest a new methodology for the
reinforcement of granite using a threaded titanium bar.
Flexural tests for reinforced granite are performed to verify
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Fig. 1 Restoration of the Mireuksaji stone pagoda

the structural feasibility of the proposed method. Through
the experimental study, the flexural behavior of the
reinforced granite with various reinforcement ratio is
investigated.

2. Test program
2.1 Details of the test specimen

Figure 2 shows the configuration of the specimen with
dimensions of 300 mm X% 300 mm X 900 mm (width x
height x length). To manufacture the test specimens, granite
supplied at the Hwangdeong quarry was used. For the
reinforcement, titanium bars [Grade 2 (f, = 313.8 MPa and
fu = 431.5 MPa)] with a length of 400 mm (embedment

length = 200 mm) were used, where f, and f, are the design
yield and tensile strength of the reinforcement, respectively.
For perfect bonding between the reinforcing bar and epoxy
resin, a thread with a depth of 1 mm was placed on the
reinforcing bar. Here, the embedment length of the
reinforcing bar was obtained according to Section 25.4 of
the ACI 318-14 (2014). The bar was inserted into the drilled
hole after the injection of the epoxy resin.

The test parameters are the bar diameter (dj) and edge
distance (e). In this test, threaded titanium bars with
diameters of 8 to 25 mm were used. The edge distance is 20
to 90 mm, depending on the bar diameter by Section 20.6.1
of ACI 318-14 (2014). According to ACI 318-14 (2014),
when a bar diameter is greater than 29 mm, the edge
distance of 60 mm should be allowed. If the bar diameter is
less than 25 and 16 mm, the distance must meet a minimum
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Fig. 2 Details of the test specimens and measurement

Fig. 3 Test setup

of 50 and 40 mm, respectively. Thus, the reinforcement
ratio is ranged from 0.061 to 0.828%.

In total, 39 specimens were tested. Table 1 presents
detailed information about the test specimen. The CEP
specimen is a control specimen that is bonded only with
epoxy resin. Except for the CEP, all the specimens are
reinforced granite.

2.2 Test setup

Three-point bending tests for simply supported
reinforced granite were performed using an actuator with a
capacity of 1,000 kN under displacement control, in
accordance with ASTM C78/C78M-18 (2018). Figure 3
shows the test setup. During the test, the load was applied at
a rate of 0.3 mm/min. The displacement was measured
using a Linear Variable Differential Transducer (LVDT)
mounted at the bottom of the specimen. The strain of
granite was measured using strain gauges placed at the
distance of 30 mm from the extreme fiber of the upper and
lower part of the test specimen. The strain of the titanium
bar was obtained by the strain gauge placed at the mid-
length of the bar (Fig. 2).

2.3 Material properties

2.3.1 Compression tests of granite

Compression tests were conducted for the ten cubic
granite specimens with dimensions of 50 mm x 50 mm x 50
mm using a universal testing machine with a capacity of
2,000 kN in accordance with ASTM C1194-18 (2018) and
KS F 2519 (2015). From the test results, the peak
compressive strength, strain corresponding to the peak
compressive strength, and elastic modulus of granite were
investigated. To obtain the stress—strain relationship, the
axial strains were measured by two strain gauges attached
to the front and backside surface of the specimens.

Figure 4(a) shows the stress—strain relationship of
granite under uniaxial compression. It is noted that a total of
10 cubic granite were tested, but significant stress-strain
curves were obtained in two specimens (C7 and C10
specimen). In this study, the material properties of granite
were defined using the results obtained from these two
specimens. The specimens showed linear-elastic behavior,
and brittle failure occurred when the strength reached the
peak value. The compressive strength of granite was found
to be 72.2 to 146.4 MPa, with an average strength of 131.7
MPa. The compressive strains of C7 and C10 specimens at
the ultimate state were found to be 0.0021 and 0.002,
respectively. The elastic modulus (£,) of granite was
obtained by dividing the 40% of the peak stress (fg) with
the strain corresponding to the 0.4f;; in accordance with EN
1992-1-1 (2004). The average elastic modulus of granite
was found to be 58.6 GPa.
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Table 1 Summary of test results
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Speci dv e p Pet  A@pet Pmin d@pmin Put deput Pt dept  u Pet  Pnin Put  FM

-mens _ (mm) (mm) (%) (kKN) (mm) (kN) (mm) (kN) (mm) (kKN) (mm) /Pcep [Pel  [Pe
CEP - - - 2671 NA. - - - - - - - F
SP8-20 8 20 0.061 189.1 048 7.1 226 27.7 264 184 452 200 071 004 015 F
SP8-30 8 30 0.063 2205 048 43 250 252 3.71 147 555 222 083 002 011 F
SP8-40 8 40 0.065 2295 0.39 3.7 244 265 285 160 341 140 086 0.02 012 F
SP8-50 8 50 0.068 216.6 0.39 55 262 234 325 143 519 198 081 003 011 F
SP8-60 8 60 0.071 197.8 049 3.7 267 121 375 24 794 297 074 002 006 F
SP8-70 8 70 0.074 2238 049 25 271 199 366 6.8 587 217 084 001 0.09 F
SP10-20 10 20 0.095 241.8 0.44 220 226 40.6 3.34 334 453 200 091 0.09 017 F
SP10-30 10 30 0.099 2104 0.48 122 217 340 292 93 6.25 288 0.79 0.06 016 F
SP10-40 10 40 0.103 2222 035 39 227 280 3.00 238 383 169 083 0.02 013 F
SP10-50 10 50 0.107 229.3 0.39 221 228 407 291 339 508 223 086 010 018 F
SP10-60 10 60 0.111 2269 0.38 22.7 249 419 387 305 6.91 278 08 010 018 F
SP10-70 10 70 0.116 280.3 0.61 135 296 44.0 4.07 233 4.62 156 105 0.05 016 F
SP12-40 12 40 0.148 211.0 0.38 60.2 133 724 288 683 323 243 0.79 029 034 F+S
SP12-50 12 50 0.155 227.7 0.62 541 171 745 408 674 515 301 08 024 033 F
SP12-60 12 60 0.161 2115 0.51 58.7 143 713 213 59.6 537 3.76 079 028 034 F
SP12-70 12 70 0.168 250.8 0.51 481 210 657 258 608 496 236 094 019 026 F
SP12-80 12 80 0.176 217.3 0.52 523 174 737 268 708 541 311 081 024 034 F
SP14-40 14 40 0.203 211.0 051 756 128 825 263 63.7 579 452 079 036 039 F
SP14-50 14 50 0.211 210.1 0.47 683 138 834 285 654 877 636 079 033 040 F
SP14-60 14 60 0.220 2119 0.66 88.1 135 102.3 3.36 924 6.04 447 0.79 042 048 F
SP14-70 14 70 0.230 259.7 0.45 658 164 894 525 881 442 270 097 025 034 F
SP14-80 14 80 0.241 231.0 0.57 743 148 914 358 847 517 349 086 032 040 F
SP16-40 16 40 0.266 219.5 0.39 123.7 1.03 1379 2.08 127.3 240 233 0.82 056 0.63 F+S
SP16-50 16 50 0.277 260.9 0.43 109.0 1.15 129.2 2.44 1254 257 223 0.98 042 050 F+S
SP16-60 16 60 0.289 254.2 0.47 106.2 1.31 1254 193 1147 933 7.12 095 042 049 F
SP16-70 16 70 0.302 205.6 0.47 972 106 128.1 256 119.7 805 7.59 0.77 047 062 F
SP16-80 16 80 0.316 235.3 0.34 101.0 1.21 114.1 3.87 1014 6.60 545 0.88 043 048 F
SP16-90 16 90 0.332 223.0 0.50 953 1.18 1222 4.71 1148 780 6.61 083 043 055 F
SP18-40 18 40 0.338 183.7 0.46 1139 0.87 150.5 2.55 1450 2.62 3.01 0.69 0.62 0.82 F+S
SP18-50 18 50 0.352 227.6 0.60 1115 1.21 1569 5.68 1229 9.64 797 085 049 069 F
SP18-60 18 60 0.367 236.1 0.47 109.6 1.38 143.1 558 764 7.05 511 088 046 061 F
SP18-70 18 70 0.384 257.6 0.51 109.5 1.34 158.2 6.34 108.7 9.72 7.25 096 043 061 F
SP18-80 18 80 0.402 2209 0.61 97.7 131 1324 7.61 96.6 9.04 6.90 0.83 044 060 F
SP18-90 18 90 0.422 1940 046 97.1 1.01 1225 550 953 9.21 9.12 0.73 050 063 F
SP20-80 20 80 0.499 2349 0.49 1250 1.16 1712 535 165.0 7.68 6.62 0.88 053 073 F
SP20-90 20 90 0.524 2225 0.51 1165 1.16 163.2 9.02 929 12.72 1097 0.83 052 073 F
SP25-80 25 80 0.789 260.2 0.53 164.1 1.06 198.6 2.51 189.0 258 243 0.97 0.63 0.76 F+S
SP25-90 25 90 0.828 253.1 0.48 138.7 1.14 1855 218 1777 224 196 095 055 073 F

+ 0307 0.41f

Avg. 085" "0 (0.517)

sp oog 0207 023

(0.11) (0.15Y

Notes: db is the bar diameter, e is the edge distance, p is the reinforcement ratio (= As/bd), As is the area of the reinforcement, b is the width

of the specimen, d is the effective depth of the specimen (= h-e-dv/2), and h is the overall height. x is the ductility (= depminv/derf). FM

means the Failure Mode; F and S represent the flexural and shear failure, respectively.
 For all the test results.
*For the reinforcement ratio ranged from 0.148% (SP12-40) to 0.524% (SP20-90).

2.3.3 Adhesives and fillers

2.3.2 Tension tests of titanium bars

Tension tests for 15 round titanium bars (Grade 2) were
carried out using a 2,000 kN UTM in accordance with
ASTM ES8/E8M (2016). For the tests, two specimens for
each (D8 to D22) (d, = 8 to 22 mm) bar, and one specimen
for the D25 bar were tested.

Figure 4(b) shows the stress—strain curves of the
titanium round bars. The elastic modulus is defined as the
slope of the straight line connecting the yield strength and
the yield strain obtained by 0.2% offset in the stress—strain
curve. Test results are summarized in Table 2.

Epoxy resin has been widely used as adhesive in historic
architectural structures (Selwitz 1992). For the adhesion of
old and new granite, thermosetting epoxy resin (L30)
produced by P Company of Korea was used. The
characteristics of the adhesive are that it has a small
shrinkage force, does not have an additive product
according to the reaction, and is easy to work. Still, it does
have the disadvantage that yellowing occurs with time. A
filler was added to the epoxy resin. In this study, zirconium
silicate, wollastonite, and talc were used as the filler.
Zirconium silicate was used to prevent chemical weathering
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Table 2 Material properties of the titanium bar

&y Eu

?ﬁ:gls (Nﬁ’a) (mg‘)/m (h/{f)a) (mrﬁ‘)/m (Gb;;a)

D8 4405 0.0049  568.6  0.0237  89.9
D10 383.1  0.0042 4605 00252 912
DI2 390.5  0.0049 4850  0.0720  79.7
D14 4059  0.0042 4439 00735  96.6
D16 4126 00045 5177 0.0246 917
DIS8 3568 0.0033 4564  0.0300  108.1
D20 3742 0.0036 4577  0.0314 1039
D25 4518 0.0041 5404  0.0237 1102

Notes: The symbols of the £, and f are yield and tensile strengths
of the titanium bar, ¢, and ¢, are strains corresponding to f, and fu,
respectively.

Table 3 Physical properties of the epoxy resin

Tests Resin Hardener
L-30R L-30H
Appearance Clear Clear
Viscosity (cps) 25T 300 ~ 400 230~ 300
Specific gravity 1.20 0.97
Mixing Ratio 100 500
Pot Life (100g) 25T 30 ~ 40 min.
Curing schedule 25 C Physical cure 24hrs

Chemical cure 7days
60% filled type 17.17 N/mm?

Shear adhesive strength Nonfilled type 10.49 N/mm>

and metamorphism. Moreover, wollastonite was used for
improving the impact resistance and tensile strength, and
talc for flow prevention and improvement of adhesion.
Table 3 summarizes the physical properties of the epoxy
resin.

3. Test results
3.1 Failure mode

In most of the specimens, initial flexural cracking
occurred at the interface, and the crack propagated to the
top of the specimen very rapidly with the increase of load.
Subsequently, tensile resistance by the titanium reinforcing
bar started to take place after the beginning of initial
cracking [Fig. 5(a)]. As the crack width increased, the strain
of the reinforcing bar increased very rapidly; and finally, the
bars reached the ultimate state. However, in some test
specimens reinforced with D8, D10, D12, D14, D16, and
D18 titanium bars, bar fracture occurred before the yield
state. Several test specimens (SP12-40, SP16-40, SP16-50,
SP18-40, and SP25-80 specimens) showed diagonal tension
failure. Figure 5(b) shows the diagonal tension failure of the
SP16-50 specimen. The diagonal tension cracks occurred at

O

fracture (D20)
(a) Flexural crack and bar fracture (SP20-90)

rack

tension failure

Diagonal S8,
tension failu

(¢) Failure mode of SP25-90 specimen

Fig. 5 Failure mode of the test specimens at the end of the
tests

the distance of development length (= 200 mm) of the bar.
In the case of SP25-90 specimen, a flexural crack occurred
at the distance of the development length of the bar from
the interface [Fig. 5(c)]. However, bond splitting failure at
the edge distance did not occur in all the test specimens.

The most notable feature of the failure mode of
reinforced granite is that critical crack occurs immediately
as soon as the initial crack initiated. Additionally, diagonal
tension failure can occur in specimens with relatively low
reinforcement ratios.

3.2 Load-displacement relationship

Figure 6 shows the load-displacement curves of the
reinforced granite. Test results demonstrated that the load—
deflection relationships of reinforced granite were highly
dependent on the reinforcement ratio and edge distance.
Furthermore, the flexural behavior of the reinforced granite
seems to follow a similar pattern. Thereby, the load-
displacement relationship of the reinforced granite can be
idealized, as shown in Fig. 7; the elastic state (Stage I),
reinforcing bar yielding (Stage II), strain hardening (Stage
III), and strain softening of reinforcing bar and fracture
(Stage IV).

All the specimens showed linear-elastic behavior before
reaching the elastic limit. In most of the reinforced
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Fig. 7 Idealized load-displacement relationship specimens, a sudden drop of load occurred as soon as the

2.0 load reached the elastic limit, but it subsequently increased
18 {®B8 MDI0 xDi2 D again due to the strain hardening of theqreinf}c’)rcing bar,
16 {/aD16 xD18 ©D20 +D25 reached the ultimate load, and gradually decreased with the
14 1 elongation of the reinforcing bars. Finally, the tests were
812 4 terminated by bar fracture. In this study, the symbols of P,
Q49 - —El—x R ey Fo Piny Puir, and Py are defined as the load at the elastic limit,
308 | @ w®A X x % minimum load resistance, ultimate load resistance, and load
Q 06 I~~~ e — s s at failure, respectively. The displacements corresponding to
0: 4 Avg. = 0.85 Pet, Piny Pun, and. Pyare represented by Ad@pet, A@pmin, A@puir,
02 - SD. =008 and 4@py, respectively.
0' 0 __ ’ .. . ) . The test results showed tha‘F when the edge distance
00 04 02 03 04 05 06 07 08 0.9 ranged 40 to 80 mm, and the reinforcement ratio was less

than approximately 0.3% (D16) after the initial crack
occurred, there was almost no increase in load. On the other
hand, when the reinforcement ratio exceeded 0.3%, the
increase in the load was apparent, due to the tensile

Reinforcement ratio (%)

(a) For reinforcement ratio
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Fig. 9 Comparisons of the minimum and ultimate load resistance to the load in the elastic state

resistance of the titanium bar. When the edge distance was
90 mm, and the reinforcement ratio was less than 0.422%
(SP18-90), the load did not increase further; and when the
reinforcement ratio was greater than 0.499% (SP20-90), the
load increased again.

The elastic loads of all the specimens were very similar
to each other. This means that the measured elastic loads
were not significantly affected by the reinforcement ratio
and edge distance. Figure 8 compares the elastic load
between reinforced and control specimen. The ratio ranged
from 0.69 to 1.05, and the average value of the ratio was
0.85, with a standard deviation of 0.08. The elastic load of
the reinforced granite was slightly smaller than that of the
CEP specimen, probably because of the presence of fine
cracks at the junction between the epoxy and cracked
surface of the granite.

Figure 9 compares the minimum and ultimate load
resistance to the load in the elastic state. The minimum load
resistance (Pmin) Wwas substantially dependent on the
reinforcement ratio and increased as the reinforcement ratio
increased [Fig. 9(a)]. However, when the reinforcement
ratio was more than 0.3%, the value of P, tended to
decrease gradually. As a result, the minimum load resistance
did not exceed the elastic load, even though the reinforcing
bars are provided as much as a reinforcing ratio of 0.828%.
The value of the P,.;,» was found to be approximately 55% of
the elastic load. However, the edge distance was not related
to the minimum flexural load resistance.

Finally, the ultimate resistance was found to be highly

dependent on the reinforcement ratio, and increased with
increasing reinforcement ratio, as depicted in Fig. 9(b). At
this stage, only the tensile force of the reinforcement resists
the external load, since the crack is almost fully developed.
According to the test results, the ultimate resistance
increased up to 82% of the elastic load.

3.3 Strain of the titanium bar

Figure 10 shows the strain of the titanium bars. The
strain varied linearly until reaching the elastic load, and
then the strain started to increase very rapidly until the end
of the test. Yielding of the reinforcement occurred in the
region (Stage Il in Fig. 7) between the peak load and
minimum load resistance. Most of the specimens displayed
this phenomenon, except for the SP25-90 specimen.
However, in some cases, the post-elastic strain could not be
monitored due to premature bar fracture. Given that the
reinforcement ratio was less than 0.116%, bar fracture
occurred immediately after reaching the elastic load.

3.4 Ductility

According to the test results, the titanium bar
dramatically contributed to the deformation of the
reinforced granite in the case that the reinforcement ratio of
0.148 to 0.524% was provided. The deformation capacity of
each specimen can be compared using the ratio of the
displacement at yielding to the displacement at failure. This
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Fig. 10 Strain variation of the titanium bars

study defines the yield displacement as the displacement
corresponding to the minimum load resistance since the real
yielding point cannot be exactly denoted on the load-
displacement curve. Additionally, the displacement at
failure is defined as the displacement when the strain of the
bar reaches the ultimate strain (e,). If not, this study uses the
displacement at failure as the displacement at the end of the
test.

Table 1 summarizes the ductility. The reinforced granite
showed good ductility ranging from 1.40 to 10.97 for SP§-
40 to SP20-90. The ductility of the reinforced granite
increased with increasing reinforcement ratio and edge
distance, as can be seen in Fig. 11. For specimens with a
reinforcement of 0.148 to 0.524%, the tendency of the
increase in ductility is more pronounced. However, the
specimens reinforced with the D25 bar showed relatively
low ductility, due to the diagonal tension failure (SP25-80),
and unexpected failure (SP25-90).

4. Proposed flexural behavior of the reinforced
granite

4.1 Basic assumptions for analysis

To propose the flexural behavior of the reinforced
granite, several assumptions are needed, as follows: First,
reinforced granite subjected to bending moment shows rigid
body motion [Fig. 12(a)]. Therefore, ultimate failure occurs
due to flexural crack without additional cracks. Second, for
granite in compression, linear—elastic  stress—strain
relationship is assumed, as shown in Fig. 12(b).
Additionally, since the compressive strength of the granite
is high, the compressive failure of granite does not need to
be considered until the end of tests. Third, for titanium bar
in tension, a bi-linear stress—strain curve is adopted, as
shown in Fig. 12(c). Fourth, a perfect bond is assumed
between the surface of the titanium bar, and the epoxy resin
in the hole [Fig. 12(d)]. Until ultimate failure, slippage of
the reinforcing bar does not occur. Finally, the strain and
force distributions at each failure mode are assumed to be as
shown in Fig. 13.

Based on these assumptions, the elastic moment
strength, minimum load resistance, and ultimate load
resistance are predicted, and the moment—displacement
relationship for the design is proposed.

4.2 Predicted moment strength

4.2.1 Predicted elastic moment strength
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The elastic moment strength determines the suitability
of bond performance for adhesives regardless of the
reinforcement ratio. This means that the flexural strength at
initial cracking, that is, the modulus of rupture (f.), might
be highly related to the elastic moment strength of
reinforced granite.

In this study, the modulus of rupture is obtained based
on the test results. Using the equation of f,, =6M./bh?, the
modulus of rupture of epoxy-bonded granite is
recommended as the value of 10.08 MPa. Here, Mel is the
elastic moment strength obtained from the test, while » and
h are the width and overall height of the test specimen,
respectively. It is noted that the recommended modulus of
rupture does not mean that of the plain granite.

Consequently, the predicted elastic moment strength
(Mo pred) of the reinforced granite can be obtained as
follows:

M = f,,Z =1.680bh? 1)

el _ pred
where, Z is the section modulus.

Figure 14(a) shows the ratio of the elastic moment
strength obtained from the test to the predicted peak
moment strength. As a result, the predicted strength
obtained from Eq. (1) shows good agreement with the test
results. The average value is 1.0, with a standard deviation
of 0.10. Table 4 presents more detailed information about
the comparison.
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Fig. 12 Basic assumptions for analysis

4.2.2 Predicted minimum load resistance

The minimum load resistance can be predicted by
assuming that the reinforcement has yielded immediately
after reaching the elastic moment strength. Therefore, the
predicted minimum load resistance (Min pred) can be
considered to be identical to the yield moment strength (1))
of the reinforced granite, as follows:

M min_ pred =M y (2)

Hence, the minimum load resistance of the granite
reinforced with a single reinforcing bar can be obtained as
follows:

Cy
I\/lmin_pred = '% fy d _E (3)

where, 4; is the area of the reinforcement, £, is the yield
strength of the titanium bar, d is the effective depth, and ¢,
is the depth of the neutral axis at yielding.

The depth of the neutral axis can be found as follows:

2= \npy +2np-np “

where, n is the ratio of the modulus elasticity (Ey/Ey)
between the reinforcement and granite, p is the
reinforcement ratio (= Ay/bd), and b is the width of the cross
section.

Figure 14(b) compares the minimum load resistance
between the test results and the predicted values obtained
from Eq. (3). The yield strength obtained from the material
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tests was used in the calculation of the predicted minimum
load resistance. In case that the reinforcement ratio ranged
from 0.148 to 0.524%, the prediction was less than test
results since even though the real yield strengths of each
test specimen are measured at the region between the peak
load and minimum load resistance (Stage II in Fig. 7). This
is because the predicted yield strength was defined as the
minimum load resistance (Fig. 7). The average value of the
ratio is 1.22, with a standard deviation of 0.09 in this range.
On the other hand, the average is 0.91, and the standard
deviation is 0.44 for the entire specimens.
Eq. (3) can be simplified as follows:

=Afd ®)

Figure 14(c) shows the ratio between test results and the
predicted obtained from Eq. (5). In the case that the
reinforcement ratio is between 0.148 and 0.524%, the

mln pred —

predicted results agree well with the test results. In this
range, the ratio of the test result to the predicted is 1.06,
with a standard deviation of 0.08.

However, in the low reinforcement ratio (p<0.116%),
the predictions obtained from Egs. (3) and (5)

are invalid, due to premature bar fracture. In this case,
most of the load resistance vanishes immediately after
reaching the elastic load. In addition, when the
reinforcement ratio is more than 0.789%, the predictions
overestimate the test results. Therefore, the predicted
minimum load resistance can be used in the reinforcement
ratio ranging from 0.148 to 0.524%.

4.2.3 Predicted ultimate load resistance
According to the test results, the ultimate load resistance
is highly related to the tensile strength of the reinforcement.
Thus, the predicted ultimate load resistance (Mui pred) 1S
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Table 4 Comparison of the moment strength between test results and the predicted

S . db e n /MMeI /MMmin /MMmin /MMuIt /||\\/|/|min
pecimens 0 el_pred min_pred min_pred ult_pred d el
(mm) (mm) 08 B q1) (E93)  (Ea5)  (Ea6)  (Eq8)
CEP - - - 1.18 - - - -
SP8-20 8 20 0061 154 0.83 0.25 0.23 0.70 0.33
SP8-30 8 30 0063 154 0.97 0.16 0.15 0.66 0.20
SP8-40 8 40 0065 154 1.01 0.14 0.13 0.72 0.18
SP8-50 8 50 0.068 154 0.96 0.22 0.20 0.67 0.28
SP8-60 8 60 0071 154 0.87 0.16 0.14 0.36 0.20
SP8-70 8 70 0074 154 0.99 0.11 0.10 0.62 0.14
SP10-20 10 20 0.095 156 1.07 0.59 0.53 0.82 0.65
SP10-30 10 30 0.099 156 0.93 0.34 0.31 0.71 0.37
SP10-40 10 40 0.103 1.56 0.98 0.11 0.10 0.61 0.12
SP10-50 10 50 0.107 1.56 1.01 0.67 0.60 0.92 0.73
SP10-60 10 60 0111 156 1.00 0.72 0.64 0.99 0.78
SP10-70 10 70 0.116 156 1.24 0.45 0.40 1.08 0.49
SP12-40 12 40 0.148 1.36 0.93 1.20 1.07 1.04 1.34
SP12-50 12 50 0.155 1.36 1.00 1.13 1.00 1.11 1.25
SP12-60 12 60 0.161 1.36 0.93 1.27 1.14 1.11 1.41
SP12-70 12 70 0.168 1.36 1.11 1.09 0.97 1.07 1.21
SP12-80 12 80 0.176 1.36 0.96 1.24 1.11 1.26 1.38
SP14-40 14 40 0.203 1.65 0.93 1.10 0.96 0.95 1.24
SP14-50 14 50 0211 1.65 0.93 1.03 0.90 1.00 1.16
SP14-60 14 60 0220 1.65 0.93 1.39 1.21 1.29 1.57
SP14-70 14 70 0230 1.65 1.15 1.08 0.94 1.17 1.22
SP14-80 14 80 0241 1.65 1.02 1.28 1.12 1.26 1.44
SP16-40 16 40 0.266 1.57 0.97 1.36 1.18 1.05 1.56
SP16-50 16 50 0.277 157 1.15 1.25 1.09 1.03 1.43
SP16-60 16 60 0.289 157 1.12 1.27 1.10 1.04 1.45
SP16-70 16 70 0302 157 0.91 1.21 1.06 1.11 1.39
SP16-80 16 80 0316 157 1.04 1.32 1.15 1.03 1.51
SP16-90 16 90 0332 157 0.98 1.31 1.14 1.16 1.50
SP18-40 18 40 0338 1.85 0.81 1.17 1.00 1.03 1.14
SP18-50 18 50 0352 1.85 1.00 1.19 1.02 1.12 1.16
SP18-60 18 60 0367 1.85 .104 1.22 1.05 1.07 1.19
SP18-70 18 70 0384 1.85 1.14 1.28 1.09 1.23 1.24
SP18-80 18 80 0402 1.85 0.97 1.19 1.02 1.08 1.16
SP18-90 18 90 0422 185 0.86 1.24 1.06 1.05 1.21
SP20-80 20 80 0499 177 1.04 1.18 1.01 1.13 1.21
SP20-90 20 90 0524 177 0.98 1.15 0.99 1.13 1.18
SP25-80 25 80 0789 1.88 1.15 0.83 0.71 0.72 1.03
SP25-90 25 90 0.828 1.88 1.12 0.74 0.63 0.71 0.91
Avg 1.007 0.917 0.80f 0.97f 1.007
' (1.229 (.06 (1117 (1.319)
sD 0.10% 0.441 0.38f 0.22f 0.477
T (0.099 (0.08")  (0.099 (0.149
Notes: n is calculated using the material properties obtained from the tests. Mg el is the design

moment strength obtained using the specified design yield strength of the titanium bar ( f, = 313.8

MPa).
T For all the test results.

" For the reinforcement ratio ranged from 0.148% (SP12-40) to 0.524% (SP20-90).

proposed as follows:

Mult_pred = A fud

Figure 14(d) compares the ultimate load resistance
between the test results and the prediction. As a result, the

(6)

predicted agreed well with the test data from the
reinforcement ratio between 0.148 and 0.524%. In this
range, the average value of the ratio is 1.11, with a standard
deviation of 0.09. Similarly, when the reinforcement is less
than 0.116% or more than 0.789%, the evaluation of the
moment strength by Eq. (6) is invalid.
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Fig. 15 Load-displacement relationship for the design

4.3 Load-displacement relationship for the design

For the design of reinforced granite with the
reinforcement ratio of 0.148 to 0.828%, a tri-linear
moment-displacement relationship is proposed based on the
basic assumptions assessed in Section 4.1, as can be seen in
Fig. 15. The suggested relationship is focused on the elastic
moment strength and minimum load resistance. Since the
elastic moment strength is related to the bond performance
of the adhesive between old and new stones, this value
should be considered in the design level, regardless of the
reinforcement ratio.

Based on the test results, this study suggests the design
elastic moment strength (M, ) of the reinforced granite as
follows:

Ivld_el = 1:rgdz (7)

where, f.q is the modulus of rupture of granite bonded
with adhesives. Since the special epoxy resin was used as
the adhesive in this study, the value of 10.08 MPa is
recommended for fis. In the case that another adhesive is
used in reinforced stone, the value obtained from the tests
can be used.

Conversely, the minimum moment capacity of
reinforced granite with metal rods should be greater than
the minimum load resistance. Thus, the minimum load
resistance for the design can be obtained as follows:

Md_min = & fydd ®)

where, f,4 is the specified design yield strength of the
reinforcement. Note that the above equation is valid when
the reinforcement ratio is greater than approximately
0.15%.

Finally, the ultimate load resistance is assumed to be
equal to the minimum load resistance since the load at the
ultimate state is found to be higher than the minimum load
resistance.

5. Summary and conclusions

This study investigated the flexural behavior of granite
reinforced with a threaded titanium bar, depending on the
reinforcement ratio and edge distance. The findings
obtained from the experimental research are as follows:

e The granite reinforced with a single-titanium bar
showed a characteristic flexural behavior as follows: A

crack starts from the contact surface between the epoxy
resin and granite, and only a single crack develops until the
end of the test. The crack propagates very rapidly, and
immediately after reaching the peak load. A sudden drop in
load occurs as soon as the load reached the elastic limit.
Subsequently, the load starts to increase again due to the
strain hardening of the reinforcing bar and reaches the
ultimate load. Lastly, a bar fracture occurs at the ultimate
limit state.

* According to the test result, when the reinforcement
ratio is less than 0.828%, the load capacity of the reinforced
granite is governed by the adhesive performance of the
epoxy resin. In this range of reinforcement ratio, the peak
load is independent of the reinforcement ratio. On the other
hand, both the minimum and ultimate load resistance are
affected by the reinforcement ratio, which increases as the
reinforcement ratio increases.

* The reinforcement affects the deformation capacity of
the reinforced granite. The specimens with the
reinforcement ratio ranged from 0.148 to 0.524% showed
ductile behavior, while brittle failure caused by premature
bar fracture occurred at the specimens with a reinforcement
ratio of less than 0.116%. These results indicate that the
reinforcement ratio of 0.148% needs to be provided to
induce ductile behavior.

* The use of ACI 318-14 codes in the determination of
the edge distance can be allowed. According to the test
results, the bond splitting failure of granite at the edge
distance did not occur.

* The predicted elastic moment strength, and minimum
and ultimate load resistance were proposed based on the test
results and basic assumptions for analysis. As a result, the
suggested predictions agreed well with the test data. Finally,
the tri-linear moment-displacement relationship for the
design of reinforced granite was proposed.
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